wide range of operative techniques have been proposed to prevent chronic or recurrent patellar instability. This diversity of treatment options underscores the continued controversy in the field regarding the optimal surgical approach. This is further complicated in the skeletally immature individual, in which case careful consideration of physeal and apophyseal anatomy is required.
EpidEmiology
A recent database study of American emergency departments selected to represent the demographics of the US population estimated the incidence of patellar dislocation at 2.29 per 100,000 person-years for all age groups. 100 However, the rates of acute, traumatic patellar dislocation peaked among adolescents 15 to 19 years old, with an incidence of 11.19 per 100,000 person-years. These injuries among young patients most often occurred during sporting activities, with approximately half of patients experiencing patellar dislocation during athletics. The most common sports involved were basketball, soccer, and football. 100 Supporting evidence for increased incidence of patellar dislocation in young, active patients is common, with increased rates of patellar dislocation seen in subgroups such as active US military personnel, in whom the incidence is at 69 per 100,000 person-years at risk. 42 Service members <20 years old were 84% more likely (95% CI, 1.61-2.10) to have patellar dislocation compared with those at or above the age of 40 years. 42 Some of the same studies have worked to identify sex and racial differences in incidence of patellar dislocation. Originally, many believed that chronic, atraumatic recurrent patellofemoral instability occurred primarily in adolescent females in part because of increased joint laxity and physiologic or pathologic variations in lower joint alignment, such as genu valgum, femoral anteversion, external tibial torsion, and elevated Q-angles. 36, 42, 64 However, recent data do not substantiate an increased incidence in women. 100 Nevertheless, patellar dislocation occurs more frequently in children with connective soft tissue disorders or hypermobility syndromes, such as Ehlers-Danlos syndrome and Down syndrome. 92 There is also some evidence that Caucasians and African-Americans may have increased rates of patellar dislocation, when compared with other races. 42, 100 Potential differences in rates of patellar dislocation by race and sex may also suggest an underlying genetic component to patellar instability. To support this hypothesis, several studies have questioned those presenting with patellar dislocation for a family history of knee instability. Reports ranging from 9% to greater than 50% have been found, depending on the source population and the method of sampling and inclusion criteria. 8, 29, 80 Furthermore, reports of families with underlying abnormal anatomical features in association with recurrent patellar dislocations supports a genetic role for some proportion of these events. 59, 78 Most important, patients with prior instability episodes are 7 times more likely to have a recurrence, 36 reflecting the dual roles of both a likely congenital predisposition toward instability in some cases and the clear destabilizing role of trauma in precipitating further instability in others. 36 
AnAtomy
The normally concave trochlear groove and corresponding convex patellar subchondral surface are the osseous structures guiding patellar articulation. The groove has a complex architecture with increasing height of the groove's lateral facet at the proximal aspect, providing a deeper "patellar track" in knee extension. Midway between flexion and extension, as increased forces are imposed by the patellar tendon and quadriceps musculotendinous unit, the patella comes into greatest contact with the femur's articular surface. At 20° to 30° flexion, the patellar articular surface is most constrained by the walls of the trochlear groove. 3, 27, 101 Failure of full bony engagement of the patella into the trochlear groove can manifest as patellar instability. Patients with patella alta may have abnormal patellar engagement with the trochlear groove during knee flexion and recurrent patellar dislocation. 16, 44, 52, 99 The importance of this feature in patellar instability underscores the importance of familiarity with one or more quantification methods of anatomic patellar height, including the Insall-Salvati ratio and the Blackburne-Peel modification. 20 Just as the steepness of the patellar facets and the depth of the trochlear groove can prevent dislocation of the patella, 77 conversely, trochlear dysplasia, or shallowness of the groove, can predispose to patellar instability. For example, in 1 study, up to 96% of patients with patellar dislocation had some degree of trochlear dysplasia. 31 This type of abnormal bony architecture results in specific radiographic signs, including the Dejour "crossing sign" (Figure 1) . 31, 33, 81 Imaging can also allow for categorization of trochlea dysplasia into 4 types (A through D) via the classification system of Dejour. 53 More recent work has used magnetic resonance imaging (MRI) to further delineate anatomical features of the trochlea that predispose patients to patellar instability. 9, 19, 76 Patellar dysplasia is another pathologic factor that may play a role in patellar instability. Patellar shape can be classified via the 3 Wiberg classifications (type A to C), 11 which rely on medial facet concavity and lateral to medial patellar facet area. A longer lateral patellar facet has been shown to predispose patients to patellar instability. 37, 74 Soft tissue structures play a critical role in patellar stability. The Q angle, between the 2 force vectors of the patellar tendon and quadriceps tendon, increases with extension. As the knee extends and the Q angle increases, the extensor mechanism force pulls the patella laterally. Other lateralizing soft tissue structures include 3 layers of the lateral retinaculum, which can paradoxically also act as a lateral restraint against dislocation. Most superficially, the medial fascial extensions of the iliotibial band connect with the patellar and quadriceps tendons. The second layer of the lateral retinaculum consists of the lateral patellofemoral band, and the third or deepest synovial layer is part of the knee capsule ( Figure 2 ). 27 Combined with the horizontal vector generated through the Q angle, these soft tissue supports lateralize the patella. Of note, the Q angle is often difficult to clinically determine. One imaging parameter somewhat analogous to the Q angle is the tibial tubercletrochlear groove (TT-TG) distance, which may be measured with advanced 3-dimensional imaging, such as computed tomography (CT) scans or MRI. The TT-TG distance is commonly used to determine one of the anatomic factors causing instability ( Figure 3) . 28 In adults, 9 to 11 mm is generally considered normal; a pathological TT-TG distance is >20 mm or >15 mm, depending on the population studied. 31, 48, 73 The TT-TG distances in skeletally immature athletes are significantly different between those with and without patellar dislocation. 10 Specifically, the TT-TG distance was on average 4 mm larger in patients with patellar dislocation. Of note, the association of larger TT-TG distance with patellar dislocation did not change with age. However, approximately 10% of patients without patellar dislocation had a TT-TG distance >15 mm, emphasizing that not all knees with increased TT-TG distance are unstable. 10 On the medial side of the knee, the medial patellofemoral ligament (MPFL) represents the primary soft tissue constraint that counteracts patellar lateralization and instability. The MPFL is a fascial band extending from the medial border of the patella to a site near the medial femoral epicondyle (Figure 2 ). 4, 79 Despite the MPFL being relatively thin and, at times, difficult to identify as a distinct anatomic structure, its mean tensile strength is 208 N. 4 It is a widely accepted critical component of medial patellar stability, and may account for approximately 50% of the medial stabilizing force in the knee. 18, 32 The medial patellomeniscal ligament is a minor medializing force, providing approximately 13% of the restraint to lateral dislocation. 1, 32, 86 One of the controversies surrounding MPFL anatomy is the location of the insertion site relative to the medial distal femoral physis (Figures 4 and 5) . This is particularly important in procedures involving skeletally immature athletes because MPFL reconstruction must take care to avoid physeal disruption. Based on imaging studies in children and adolescents, the MPFL midpoint is 2 to 5 mm proximal to the medial femoral physis. 88 However, other conflicting reports have emerged demonstrating a femoral insertion of the MPFL at an average of 5 mm distal to the medial physis in children and adolescents. 47, 62 The primary limitation of fixation of any MPFL reconstruction construct proximal to the physis in a growing child is the concern of proximal migration of the graft with continued growth, thereby altering the vector of the intended patellar checkrein. Currently, no consensus on the pattern of MPFL insertion relative to the medial femoral physis exists; the attachment site may migrate proximally with age. 13 The insertion site is relatively close to the physis; surgical techniques may be associated with a risk of injury to the growth plate.
An additional soft tissue constraint against patellar lateralization and instability is the medial quadriceps tendon-femoral ligament (MQTFL). Although originally described as part of the MPFL, the MQTFL has also been named and identified as a distinct structure to aid the development of new surgical targets for stabilization of patellar tracking. 39, 46, 60 Based on cadaveric dissection studies performed by both Mochizuki et al 60 and Fulkerson and Edgar, 39 this structure originates from the distal anterior adductor tubercle and runs anteriorly to insert on the distal quadriceps tendon underneath the medialis muscle. Finally, muscular forces from the vastus medialis obliquus (VMO) and vastus lateralis should provide balance in the femoral anatomical axis. Asymmetry of these muscle forces may play a role in lateral patellar dislocation. 35 
History And pHysicAl ExAminAtion
In the pediatric and adolescent population, patellar dislocation usually occurs during sporting activities in which the leg internally rotates relative to a fixed foot, often including simultaneous quadriceps contraction. In 10% of cases, however, dislocation may occur from direct trauma to the medial patellar surface. 50 As the patella dislocates laterally, the medial soft tissue supports, primarily the MPFL, are stretched or torn. Either the initial dislocation or a subsequent reduction can result in osteochondral fractures. Post-patellar dislocation MRI findings often include MPFL injury at either or both of its attachment sites, VMO edema, and/or osteochondral fractures. 84 Physical examination findings consistent with patellar instability include the "Bassett sign" (tenderness to palpation over the medial femoral epicondyle at the MPFL attachment site), tenderness over the medial facet of the patella and the lateral aspect of the lateral femoral condyle, and a positive lateral patellar apprehension test. 12, 90 However, these tests have variable sensitivity. 83 The moving patellar apprehension test for lateral patellar instability has a sensitivity of 100% and specificity of 88.4% ( Figure 6 ). 2 
diAgnostic imAging
Standard workup for patellar instability includes anteroposterior, lateral, and 1 of several patellofemoral views (sunrise/skyline view at 20° of flexion or a Merchant view at a 30° downward angle on a knee flexed at 45°). 58 Patients with an acute dislocation may not tolerate these flexion views. A standing alignment radiograph (hips-to-ankles) may be prudent to quantify additional risk factors for patellar instability, such as genu valgum.
For patellar height, the Insall-Salvati ratio is the vertical length of the patella over the length of the patellar tendon (from the inferior pole of the patella to the tendon's corresponding insertion on the top of the tibial tubercle). 45, 98 Alternatively, the Blackburn-Peel ratio is the length of the patellar articular surface divided by the distance from the distal patella to a line crossing through the lowest pole of the tibial plateau. 17, 85 Trochlear dysplasia is evaluated on lateral radiographs by the crossing sign (see Figure 1) . 27, 31 The Merchant view may also be used to assess patellar tilt on the sulcus angle and patellar subluxation by the congruence angle (Figures 7 and 8) . In mixed adult/pediatric patient populations, the MPFL's femoral attachment is the most likely the site of injury. 67, 83 The MR STIR (short tau inversion recovery) sequence more precisely identifies MPLF disruption.
47 Figure 6 . The moving patellar apprehension test. The examiner moves the knee from full extension into flexion while simultaneously translating the patella laterally as far as possible in the first part. In part 2, the examiner flexes the knee to 90° and subsequently returns the knee to full extension while applying medial force of the patella. For a positive test, the patient expresses apprehension and/or activates the quadriceps with flexion and lateral translation of the patella during the first part of the test, while also experiencing no discomfort during the second part of the test. Reproduced with permission from Ahmad et al. 
nonopErAtivE trEAtmEnt
Nonoperative treatment remains the gold standard of treatment after primary patellar dislocation without osteochondral fragments. 41, 55, 72 There is a lack of evidence supporting improved outcomes after surgery for a single dislocation. 7, 89, 93 After primary patellar dislocation, nonoperative treatment can be successful in the majority of patients with early initiation of physical therapy and initial support with a knee immobilizer or hinged knee brace locked in extension for ambulation. 24, 27, 57 Lateral patellar stabilization braces often enhance the patient's sense of patellar stability.
opErAtivE trEAtmEnt
In cases of primary patellar dislocation associated with large (>5 mm) displaced osteochondral fractures or chondral shear fragments, and/or complete avulsion of the VMO from the patellar insertion site, surgery may be indicated. In skeletally immature children, refixation of loose fragments, even those that are chondral-only in nature (ie, no bone on the backside of the fragment), should be considered. 23, 25, 26, 61, 66, 72, 82, 96 Lateral release, or division of the lateral retinacular tissue during removal of the osteochondral fragment, is controversial. 15, 51, 54 Skeletally immature patients often have recurrent patellar dislocations after a sentinel dislocation. 8 Young age at the time of primary dislocation is a risk factor for recurrence, with redislocation rates ranging from 7.14% to 71% (Table 1) . 5, 52, 72 Each additional dislocation can significantly increase the chances of further recurrence, 36, 72 which carry a substantial risk of irreparable cartilage damage and future patellofemoral arthritis. 68, 69 Cartilage injuries, ranging from severe fissuring to frank chondral defects, may occur in 95% of cases of patellar dislocation. 69 Conservative treatments alone are therefore generally not considered adequate treatment for chronic instability. Unlike surgical treatments in adults, realignment and reconstruction approaches in children are associated with physeal injury and growth disturbance. 63, 97 A variety of bony realignment procedures have been proposed to address patellar instability in adults but remain inapplicable to children and adolescents with open growth plates. Tibialbased bony realignment procedures are contraindicated in children with an open tibial tubercle apophysis because of the likelihood of an anterior tibial growth arrest and tibial recurvatum deformity. However, adolescent patients with closed growth plates can safely undergo tibial tubercle osteotomies or other bony realignment procedures. As patients of increasingly younger age are presenting with greater incidence of patellar instability, the emergence of soft tissue-based procedures designed to respect physeal and apophyseal integrity has advanced our ability to address this spectrum of pathology in the skeletally immature athlete. 63 Several soft tissue realignment techniques historically used in children include the Galeazzi semitendinosus tenodesis, 40 the Roux-Goldthwait procedure, 56 and the "3-in-1" procedure. 71 However, a recent study with 70-month mean follow-up on 34 knees with the Galeazzi technique demonstrated that 41% of cases were associated with International Knee Documentation Committee (IKDC) scores <70 at final follow up, with 35% of patients being symptomatic enough to warrant repeat surgeries. 9, 40 Of note, surgeons must avoid excessive lateral release of the retinaculum, which can lead to continued lateral instability, medial subluxation or dislocation, persistent anterolateral knee pain, or apprehension. 43 In addition, the site of MPFL insertion must be carefully considered. 6 Because of tempered enthusiasm for the previously mentioned traditional procedures, a variety of MPFL reconstruction procedures have been proposed with promising short-term results. 18 Although long-term data are currently lacking, this technique is advantageous in that it works toward preserving the original MPFL anatomy. 63 In children aged 15 and 16 years, a semitendinosus tendon autograft was attached near the proximal medial collateral ligament attachment on the femur, as a proxy for the femoral MPFL insertion site. After a mean follow-up time of 7.4 years, Kujala scores were higher than 89 with no recurrent dislocations. 30 Controversy regarding the proper attachment site of the MPFL insertion relative to the open physis has confounded selection of the optimal technique, as incorrect positioning can result in postsurgical complications in both skeletally mature and immature patients.
While any of this array of procedures may provide adequate short-term stabilization of the patellofemoral joint, the long-term sequelae of these interventions in young, growing patients has not been elucidated. Cadaveric studies have shown that even minimal proximal malpositioning of grafts on the femoral MPFL insertion site can alter contact forces between the medial patellar facet and trochlea, potentially predisposing patients to early onset osteoarthritis. 34 Overtightening of grafts >10 N in cadaveric knees contributes to increased medial patellar facet loading.
14 A clinical series of complications associated with graft malpositioning during MPFL reconstruction, some of which are described in skeletally immature patients, has been reported. 21, 94 While not specifically focused on the outcomes in skeletally immature patients, a systematic review highlighted the high rate (26%) of complications associated with MPFL reconstruction, which include patellar fracture, postoperative instability, flexion loss, and pain. 87 Reconstruction of the MQTFL has been proposed as an alternative intervention to MPFL reconstruction that avoids the risk of patellar fracture while still providing an additional restraint to lateralization of the patella. In this approach, Fulkerson and Edgar 39 describe use of either a semitendinosus autograft or posterior tibial tendon allograft to reconstruct the MQTFL through femoral attachment to the anterior adductor tubercle and central attachment to the distal quad tendon, thereby precluding the need for patellar drilling.
conclusion
Conservative measures represent the gold standard of treatment for first-time dislocators. Evidence suggests that the majority of skeletally immature patients who have a patellar dislocation will go on to develop recurrent or chronic instability. Surgical techniques for recurrent patellar instability in children require specialized understanding of principles unique to the skeletally immature athlete.
